Plasma-enhanced and thermal atomic layer deposition of Al2O3 using dimethylaluminum isopropoxide, In this study, a technique, field aided rapid thermal annealing ͑FARTA͒ was proposed to crystallize the amorphous silicon films for a substantially short process time at low temperature. A spike shape pulsed rapid thermal annealing has been added to the field aided lateral crystallization ͑FALC͒ of amorphous silicon films deposited by plasma enhanced chemical deposition on glass. By adopting the FARTA process, directional crystallization of a-Si could be successfully achieved at 450°C within a few hundreds of seconds. Other advanced crystallization methods such as FALC and metal induced lateral crystallization ͑MILC͒ normally require several hours for the same degree of crystallization even at 500°C. Crystallization velocity using the FARTA process was measured to be 186.3 m/h when the a-Si experienced 10 cycles of 60 s 450°C thermal bias followed by 1 s 750°C spike anneal. This value was six times faster than that by the MILC process at the same heating condition. From this study we found that both an electric field and the spike anneal are necessary for the crystallization of a-Si with a low thermal budget.
Crystallization of amorphous silicon films by Cu-field aided rapid thermal annealing
In this study, a technique, field aided rapid thermal annealing ͑FARTA͒ was proposed to crystallize the amorphous silicon films for a substantially short process time at low temperature. A spike shape pulsed rapid thermal annealing has been added to the field aided lateral crystallization ͑FALC͒ of amorphous silicon films deposited by plasma enhanced chemical deposition on glass. By adopting the FARTA process, directional crystallization of a-Si could be successfully achieved at 450°C within a few hundreds of seconds. Other advanced crystallization methods such as FALC and metal induced lateral crystallization ͑MILC͒ normally require several hours for the same degree of crystallization even at 500°C. Crystallization velocity using the FARTA process was measured to be 186.3 m/h when the a-Si experienced 10 cycles of 60 s 450°C thermal bias followed by 1 s 750°C spike anneal. This value was six times faster than that by the MILC process at the same heating condition. From this study we found that both an electric field and the spike anneal are necessary for the crystallization of a-Si with a low thermal budget. © 2003 American Vacuum Society. ͓DOI: 10.1116/1.1606465͔
I. INTRODUCTION
Polycrystalline silicon film is an important material in integrated-circuit technologies and is used in poly silicon capacitor, storage gates for electrically erasable programmable read-only memory and polycrystalline silicon thin film transistors ͑poly-Si TFTs͒, etc. Especially in TFTs, poly-Si is a crucial material for high performance active matrix liquid crystal displays as pixel and driver transistors. However, some critical problems have to be overcome until poly-Si TFTs are more widely spotlighted. Among them, one of the most urgent issues involved in the commercial application of poly-Si TFTs is to reduce the crystallization temperature of a-Si in order to realize a system on a glass substrate. For the various methods available to form poly-Si at low temperatures, metal-induced crystallization and metal-induced lateral crystallization ͑MILC͒ have been intensively researched. 1, 2 These methods, however, require a long process time and deteriorate the electrical properties of the fabricated TFT because of residual metal impurities at the active area of TFT.
To overcome these problems, we have suggested a crystallization method, field aided lateral crystallization ͑FALC͒, 3, 4 in which an electric field is applied to selectively metal deposited a-Si thin films during the thermal annealing. It is also found that Cu is the most effective metal catalyst for inducing the fastest crystallization at low temperature ͑Ͻ500°C͒ under the influence of the electrical field. 3, 5, 6 Meanwhile solid phase crystallization ͑SPC͒ 7, 8 and the MILC process combined with rapid thermal annealing ͑RTA͒ have been studied for reducing the thermal budget and fabricating high-performance poly-Si TFTs. 9, 10 In this research, we attempted a new crystallization technique called field aided rapid thermal annealing ͑FARTA͒ which has a concept of the superposition of RTA to FALC process. The crystallization velocity and degree of crystallization by the FARTA process were investigated in terms of a thermal budget. The crystallization behavior with various FARTA conditions was compared with that with SPC and the MILC process.
II. EXPERIMENT
100 nm thick amorphous silicon ͑a-Si͒ was deposited on Corning 1737 glass covered with atmosphere pressure chemical vapor deposition 500 nm thick oxide by plasma enhanced chemical deposition at 280°C using Si 2 H 6 and H 2 as source gases. In order to effectively remove the organic material and the impurities on a-Si films, standard RCA cleaning was conducted. The organic material cleaning was done by a mixed solution (NH 4 OH:H 2 O 2 :DI water ϭ1:2:7) at temperatures ranging from 50 to 60°C for 10 min. A diluted HF ͑10:1͒ solution dip followed immediately to remove the native oxide on the exposed a-Si thin films. After cleaning the specimen, T-shaped photoresist ͑PR͒ patterns on a-Si were generated by the photolithography process. After the patterning, a Cu layer of about 2 nm was deposited using the dc sputtering system. Then, the Cu layer on the PR pattern was lifted off and the T-shaped Cu-free patterns were left. After the electrodes were formed using silver paste at opposite sides of the specimen, an electric field was applied to the selectively metal-deposited specimen by the dc power supply in the RTA system. Figure 1 shows a schematic diagram of the experimental setup for the FARTA process. While maintaining the base temperature at 450°C, the crystallization process was preformed by periodically superposing the spike shape pulse heating of 600, 650, 700, and 750°C for 1 s after every 60 s.
a͒ Author to whom correspondence should be addressed; electronic mail: duck@hanyang.ac.kr Such a spike heating was repeated ten times. The crystallization process was carried out in N 2 ambient by applying an electric field of 30 V/cm. The base temperature ͑450°C͒ was determined from the consideration of softening point of Corning 1737 glass substrate. The actual temperature in the RTA system was monitored by a thermocouple directly attached to the surface of the substrate. Figure 2 shows the actual temperature profile of the typical FARTA process. After the thermal annealing, the crystallization behavior and the lateral crystallization velocity of a-Si were investigated by optical microscopy. The degree of crystallization was estimated from the relative peak intensity obtained by a microRaman spectroscopy. A laser of 515 nm wavelength was used and the beam diameter was in the range from 5 to 100 m.
III. RESULTS AND DISCUSSION
The effect of the electric field and the addition of spike heating to the ordinary crystallization process was investigated in the specimen with 20 m width T patterns. While keeping a base temperature at 450°C and superposing ten cycles of a 650°C spike-shape pulse heating for 1 s in every 60 s, the conformal crystallization along the pattern with a uniform crystallization velocity occurred as shown in Fig.  3͑a͒ . This is a typical crystallization behavior observed in MILC. The sample shown in Fig. 3͑b͒ was crystallized by applying an electric field of 30 V/cm during the exactly same heating condition as the sample in Fig. 3͑a͒ . In this sample, on the other hand, one can see the significantly enhanced crystallization velocity at the negatively biased side compared to the positively biased side. Such a directional and fast crystallization behavior of a-Si has been reported as a feature of field aided lateral crystallization ͑FALC͒. 11, 12 In the FALC process, the crystallization direction and the velocity are believed to be governed by the interaction between an electric field and dominant diffusing metal catalyst in a silicon-metal binary system. From identical crystallization behavior to the FALC process, we can conclude that the crystallization mechanism of the FARTA process is the same as that of the FALC process. Therefore, the metal contamination in the channel region of the transistor can be effectively avoided by the FARTA process.
The degree of crystallization of poly-Si processed by FARTA with various spike pulse temperatures was investigated by Raman spectroscopy. In this measurement, the Raman beam was focused on the crystallized region of the samples. It is well known that the single crystal silicon ͑c-Si͒ shows a sharp peak around 521 cm Ϫ1 , whereas the amorphous Si has a broad peak near 480 cm Ϫ1 . The intensity and the full width at the half maximum of the peak also provide qualitative information about the degree of the crystallization. As presented in Fig. 4 , the sharp peak at 521 cm Ϫ1 resulted from all specimens in which ten cycles of spike heating was superposed for 1 s at 600°C ͑a͒, 650°C, ͑b͒, 700°C ͑c͒, and 750°C ͑d͒ in every 60 s to the base annealing temperature of 450°C. In addition, the peak intensity in Raman spectroscopy increases gradually with the spike temperature. A previous result indicates that the crystallization by the FARTA process can be accomplished in a very short period at a spike temperature as low as 600°C. None of the thermal annealing methods have ever reported such an extremely short and low temperature crystallization.
Since the SPC can take place from 600°C, one may assume that the previous crystallization results are purely from SPC because the FARTA process temperatures were from 600 to 750°C. It is, therefore, necessary to confirm whether it occurred by SPC. In Fig. 5 , the Raman spectra of specimen prepared by three different processes are shown for the relative comparison. Figure 5͑a͒ is a spectrum from the SPC sample after RTA processed for ten cycles of 1 s spike anneal at 750°C followed by 60 s 450°C anneal without metal catalyst and an electric field. Also, the characteristic Raman spectra of specimens prepared by the FALC and MILC processes at 450°C for the same total RTA time without superposing spike annealing are presented in Fig. 5͑b͒ and 5͑c͒ . In all three cases, a broad peak appeared around 480 cm Ϫ1 , indicating that there was no detectable degree of crystallization. From the SPC result shown in Fig. 5͑a͒ , we can clarify that the crystallization shown in the FARTA process is not solely by the high temperature effect. At the same time, it is obvious from Figs. 5͑b͒ and 5͑c͒ that, without spike anneal, FALC or MILC processes cannot induce the short period crystallization at 450°C. From the above experimental evidence, we can conclude that the FARTA process, which utilizes both an electric field and a spike heating during the crystallization procedure, is a method to induce the crystallization at low temperature in a substantially short period. Figure 6 shows the comparison of the crystallization velocity between FARTA and MILC processes. The crystallization velocities in the MILC process were 8.9, 16.1, 18.4, and 28.6 m/h when the spike annealing temperatures were 600, 650, 700, and 750°C. On the other hand, the crystallization velocities in the FARTA process were 43.8, 54.3, 139.4, and 186.4 m/h, respectively. In the whole temperature range of the experiment, the crystallization velocity of the FARTA process was faster than that of the MILC process. In particular, the crystallization velocity in the FARTA process with the spike temperature of 750°C was six times greater than that in the MILC. This fact implies that not only the spike anneal but also the electric field play an important role to drive the Cu atoms.
The base temperature of crystallization in our experiment is not high enough to deform the commercial glass substrate like Corning 1737 which has a softening point higher than 450°C. In addition, the thermal conductivities of typical glass substrate and a-Si are 0.814 and 2.2 W/͑m K͒. The a-Si has approximately three times larger thermal conductivity than the glass substrate. Therefore, it is believed that the thermal damage to the glass substrate even with the spike type 750°C heating can be effectively minimized.
In the actual experiment, the total crystallization time for the specimen of different spike temperatures is hardly controlled to be the same due to a time lag in raising and dropping temperature even in the RTA system. For the relative comparison of the data, the temperature profile of the heat treatment condition for each experiment was recorded and the thermal budget was calculated mathematically using the program MATHCAD from the time-temperature (t -T) curve. Thermal budget is simply an integrated area under the t -T curve and has a dimension of temperature times time. Therefore, the thermal budget is a measure of the total thermal energy input during the crystallization. Since the thermal budgets of variously spike annealed specimens are obviously different due to the reason explained earlier, more meaningful comparison of the crystallization at various heating conditions can be obtained by defining an equivalent thermal budget. The normalized crystallization velocity based on the 
͑1͒
where the standard thermal budget is a reference value obtained from the specimen prepared by FARTA at the spike annealing temperature of 600°C for 786 s. The crystallization velocity, thermal budget, and equivalent crystallization velocity of the specimen by the FARTA process combined by the spike annealing temperatures ranging from 450 to 750°C under the electric field of 30 V/cm are summarized in Table  I . The experimental results from the FARTA process without spike heating are also given in the first row of Table I for comparison. It reveals that the equivalent crystallization velocities are 43.8, 52.3, 134.6, and 177.9 m/h at the spike annealing temperatures of 600, 650, 700, and 750°C and these values are not much different from the plain crystallization velocities listed in the third column. This suggests that the control of the heating in the experiment was highly accurate. It is interesting to note that there is no indication of crystallization in a sample of row 1 in Table I although the thermal budget is in a similar range to the others. From such a striking demarcation, we can see the huge effect of spike anneal on the crystallization. Even in the case of the spike heating applied to the FARTA process, there is an enormous increase in the crystallization velocity with only a few percent increase in the thermal budget. Consequently, the FARTA process is much more efficient than the conventional FALC process performed in a conventional furnace in terms of the thermal budget consideration.
IV. CONCLUSION
Directional crystallization of amorphous silicon film was successfully accomplished within a few hundred seconds by the FARTA process. Surprisingly, fast crystallization velocity was observed when the spike shape pulse heating as low as 600°C was superposed to the base heating temperature of 450°C. The crystallization velocity increased as the spike heating temperature increased and the maximum crystallization velocity reached 186.4 m/h at the spike annealing temperature of 750°C. This velocity is about six times larger than that obtained by the MILC process, which does not utilize the electric field. In addition, such a short period crystallization was not observed without the spike heating. Therefore, we can conclude that both the spike-shape pulse heating and the electric field are crucial elements to promote the low temperature and fast crystallization.
Consequently, the FARTA process turned out to be a solution to the substantially low-temperature crystallization. Therefore, it has opened the possibility of the fabrication of poly-silicon transistors on plastic substrate. 
